Heparin and heparan sulfate (Hp/HS) are linear complex glycosaminoglycans which 22 are involved in diverse biological processes. The structural complexity brings 23 difficulties in separation, making the study of structure-function relationships 24
Introduction
Ion-pair reversed phase chromatography (IPRP) is another powerful method for 96 Hp/HS fractionation with the addition of ion-pairing agents, such as pentylamine 20 or 97 tributylamine 21 . Compared with SAX, IPRP is more easily coupled with other 98 separation methods and MS. Hyphenation of IPRP with SEC and time of flight mass 99 spectrometry have greatly improved separation and provided more complete and 100 important structural information of low molecular weight heparin (LMWH) 22 . But the 101 ion-pair agents will easily induce in-source contamination and cause signal 102 suppression when coupled with MS 13 . Some IPRP agents can also interfere with 103 microarray immobilization schemes 23 . Reverse-phase chromatography without the 104 use of strong ion pairing reagents (RP) has also shown strong separation ability for 105 heavily derivatized chondroitin sulfate isomers and heparan sulfate 24,25 , but the 106 derivatization process leaves the oligosaccharides in non-native conditions not 107 suitable for further functional analysis. Thus a more MS-and microarray-friendly 108 orthogonal separation method for native oligosaccharides is preferred to couple with 109 IPRP. 110 111 Hp/HS are very hydrophilic with several polar groups, like sulfates, carboxylates, and 112 hydroxyls. Hydrophilic interaction chromatography (HILIC) has been widely used for 113 the chondroitin sulfate (CS), dermatan sulfate (DS), and Hp/HS separation [26] [27] [28] . 114 Since HILIC requires only volatile mobile phase components and a pH range readily 115 compatible with LC-MS analysis, it is particularly useful for sample cleanup prior to 116 MS in order to provide further detailed structural analysis 29 . The orthogonality of 117 IPRP and HILIC separation has been illustrated for N-linked glycans, suggesting the 118 potential power of this hyphenation into a multi-dimensional LC scheme for Hp/HS 30 . 119 120
The structural variability of Hp/HS is responsible for interactions between Hp/HS and 121 a wide variety of proteins 31 . The fibroblast growth factors (FGFs) are the most 122 thoroughly studied proteins, which bind to the extracellular matrix by interacting with 123 Hp/HS 32, 33 . Tetra-and hexasaccharides are sufficient to bind FGF2 with high 124 affinity 34 . The 2-O-sulfate iduronate and the N-sulfate of glucosamine are critical 125 motifs for FGF2 binding. Carbohydrate microarrays are powerful high-throughput 126 screening platforms to discover Hp/HS-proteins interactions 35 . The use of 127 microarrays of fractionated Hp/HS will substantially improve the understanding of 128 Hp/HS-protein interactions. 129 130
Here we present a separation method for heparin/HS oligosaccharide fractionation 131 (Figure 1) To optimize the LMWH sample for both UV detection and microarray immobilization,  146 we used 2-Amino-N-(2-aminoethyl) benzamide (AEAB) as a reducing-end tag 36 . In  147  order to ensure we preserve the structural complexity of Hp/HS during AEAB  148  conjugation, we employed the Hp disaccharide standard II-S to develop optimized  149  labeling conditions and validate the chemo-selectivity under the optimized conditions.  150 Hp disaccharide II-S AEAB conjugate was prepared under various amounts of acetic 151 acid and analyzed by HILIC LC-MS. As the amount of acetic acid increased from 10% 152 to 40%, the main product was shifted from conjugation through the aliphatic amine 153
(IIS-AEAB1) to conjugation through the arylamine (IIS-AEAB2, Figure 2 ). At lower pH, 154 the aliphatic amine was protonated and its nucleophilicity would decrease 155 significantly, leaving the unprotonated arylamine to react with the reducing end of 156 heparin disaccharide II-S to form II-S-AEAB2 conjugate. Therefore, a selective AEAB 157 conjugate is formed with 40% acetic acid, leaving the aliphatic amine free for use in 158 microarray immobilization chemistry. To further confirm the selectivity of the reaction, 159
the synthesized hexasaccharide isomers were labeled under the optimized 160 conditions. The results from HILIC-MS showed that there was only one conjugate LC 161 peak for each isomer under 40% acetic acid ( Figure S1 ). This indicated that the 162 conjugation between the aromatic amine and the reducing end of the sugar was the 163 only detectable product at 40% acetic acid derivatization conditions, excluding the 164 possibilities of introducing isomers during the reductive amination reaction. 165 166
Validation of multi-dimensional separation method with synthetic hexasaccharides 167 168
We obtained three synthetic hexasaccharides in an unpurified state to evaluate the 169 multi-dimensional separation method, focusing on the separation of isomeric 170 hexasaccharides in a moderately complex background. The expected synthetic 171 structure of U-H-1 is 4,5 UA-GlcNS6S-GlcA-GlcNS6S3S-IdoA2S-GlcNS6S; U-H-2 is 172 4,5 UA-GlcNS6S-IdoA2S-GlcNS3S-IdoA2S-GlcNS6S; U-H-3 is 4,5 UA-GlcNAc6S-173
GlcA-GlcNAc6S3S-IdoA2S-GlcNAc6S. Each hexasaccharide was first characterized 174 by amide-HILIC LC-MS and a complex background was detected due to the partial 175 product GAGs in the reaction ( Figures S2, S3 , and S4). The synthetic hexamers 176
were AEAB-labeled with 40% acetic acid, the optimized condition as described 177
above. These AEAB-labeled synthetic hexasaccharide products were separately 178 injected onto the C18 column with ion-pairing agents so that the retention times (RTs) 179 of three labeled hexaccharides could be confirmed ( Figure S5 ), with the UV trace-180 based assignments confirmed by HILIC-MS as described below. U-H-3-AEAB (a 181 labeled hexasaccharide with five sulfate groups and three acetyl groups) eluted 182 between 19 min and 20 min. Two isomeric hexasaccharides with eight sulfate groups 183 and no acetyl group, U-H-1-AEAB and U-H-2-AEAB, were separated by IPRP. U-H-184 2-AEAB eluted between 22 min and 23 min while U-H-1-AEAB eluted between 25 185 min and 26 min. This overall elution pattern was consistent with IPRP elution order, 186
where lower sulfated oligosaccharides elute earlier. To validate the multi-dimensional 187 separation method, the mixture of three labeled synthetic hexasaccharide products 188 was initially separated by IPRP ( Figure 3 To further evaluate the multi-dimensional separation method, we applied the method 208
to a more complex starting material, enoxaparin sodium. Enoxaparin sodium is a 209 degraded product of heparin; hence it is a good model for highly complex sulfated 210 oligosaccharides derived from natural sources. Due to the multi-dimensional 211 structural complexity of enoxaparin sodium (chain length, sulfate number, and 212 sulfation pattern), size exclusion chromatography was introduced as the first 213 dimension separation to lower the complexity of size. We employed a size-defined 214 octasaccharide fraction to further validate the multi-dimensional separation method. 215 216
The octasaccharide SEC fraction of enoxaparin sodium was derivatized with AEAB 217 under optimized conditions and then subjected to IPRP chromatography ( Figure 5 ). 218
Four diverse fractions from the IPRP chromatogram were selected and separately 219 injected onto the amide-HILIC column. The top four possible octasaccharide 220 compositions in each IPRP fraction were analyzed by GlycoWorkbench and listed in 221 As a further test of the application of the multi-dimensional separation method, we 250 probed fractions for binding to FGF2. All FGFs have a high affinity for Hp/HS and the 251 affinity of FGF is modulated by different Hp/HS structures 37 . Therefore, this assay 252 would identify which highly enriched fractions had a higher affinity to FGF2 and 253 demonstrate the compatibility of the multi-dimensional separation method with 254 amine-mediated microarray immobilization. 255 256 We employed the multi-dimensional separation method described above to lower the 257 structural complexity gradually and constructed Hp/HS oligosaccharide fraction 258 microarrays for functional study, starting with the octasaccharide fraction from SEC. 259
More than 40 fractions were collected from the IPRP run (starting from retention time 260 24 min to 77 min). HILIC separation was performed for each IPRP fraction, with each 261 peak collected as a fraction and lyophilized. No. 53, 55, 60, and 70) had low affinity to FGF2 with lower fluorescence signal 272 (Figure 8 , Figure S11 and Table S1 ). Analysis of FGF2 binding versus retention time 273 by IPRP and HILIC reveals a strong correlation between HILIC retention and FGF2 274 binding ( Figure 9 ). Previous work by Zaia and coworkers have shown that amide-275
HILIC retention time is dominated by acetyl and sulfate composition for Hp/HS 276 oligosaccharides of a given size 39 , indicating that FGF2 binding increases as sulfate 277 content increases. This is consistent with previous microarray results using synthetic 278 oligosaccharides that showed that FGF2 binds all highly sulfated GAG 279 tetrasaccharides well, while intermediately sulfated structures showed a clear 280 structure-function relationship 40 , and is consistent with other FGF2 binding structure-281 function studies showing preference for high sulfation and indicating the importance 282 of 2-O-sulfation and N-sulfation to FGF2 binding 41-44 . 283 284
Discussion 285 286
Although Hp/HS influence numerous physiological and pathophysiological processes, 287 their high degree of size polydispersity and sequence microheterogeneity make the 288 structure-function characterization challenging. In most modern cases, structural 289
analysis is limited to compositional analysis, with oligosaccharide sequences rarely 290 addressed from complex mixtures. Here we demonstrate a three-dimensional LC 291 separation method, SEC-IPRP-HILIC, that is applied for the efficient analysis of 292
Hp/HS with high resolution separation of isomeric sequences, compatibility with both 293 on-line and off-line MS structural analysis and microarray functional analysis. 294 295
We have shown that IPRP and HILIC offer orthogonal selectivity with a resolution 296 that can, at least in some cases, separate positional isomers that differ by the site of 297 modification and possibly uronic acid stereochemistry (which was not directly probed 298 in this study), with an overview of the contribution of each step demonstrated in 299 Figure 1 . Although IPRP itself could separate Hp/HS isomers, our data demonstrate 300 incomplete separation of some isomers, indicating that extra separation is needed to 301 resolve more detailed structural information in Hp/HS. For the first time, clean HILIC 302 separation of isomeric Hp oligosaccharides is demonstrated, as shown in Figure 6  303 for composition [1,3,4,8,1,1] and octasaccharide compositions [1,3,4,7,1,1] and 304
[1,3,4,9,1,1] in Supplementary Information (Figure S6 and S7) among others. Each 305 separation dimension adds resolution to the overall separation, in addition to HILIC 306 serving as a desalting step to remove ion pairing reagents from IPRP fractions. 307 308
We also demonstrate the compatibility of the multi-dimensional separation method to 309 glycan microarray analysis. The fractions from HILIC are directly compatible with 310 microarray immobilization. Ammonium formate, acetonitrile and water used in our 311 HILIC method are volatile and does not interfere with the immobilization method and 312 allows buffer exchange by evaporation or lyophilization, with very little sample loss. 313
Glycan microarrays permit the study of specific Hp/HS-binding proteins quantitatively 314 even with a very limited amount. AEAB incorporates stoichiometrically to 315 oligosaccharides by specific reductive amination to provide both increased UV 316 detection sensitivity and a reactive group for immobilization, and only 1 to 2 nmols of 317 AEAB-labeled Hp/HS fractions are required to prepare microarrays. Our 318 unfractionated octasaccharide microarray results (Sample No. 127 & No. 128) 319
showed lower binding than our fractions with highest activity, confirming that multi-320 dimensional separation does not compromise the binding capability of the 321 oligosaccharides. As anticipated, the microarray data also display clear diversity in 322 binding affinities of each fraction ( Figure S11 and were chemically synthesized using modified reported procedures and the reaction 359 products were desalted over a Bio-Gel P-2 column (Bio-Rad, Hercules, CA, USA) 360 without further purification; the detailed synthetic methodology will be reported 361 elsewhere. The expected synthetic structure of U-H-1 is 4,5 UA-GlcNS6S-GlcA-362
GlcNS6S3S
Recombinant human fibroblast growth factor basic was purchased from R&D Printed glass slides were incubated with premixed solution of recombinant human 468 fibroblast growth factor basic (1.0 to 0.25 μg/mL FGF-2), rabbit anti-FGF-2 antibody 469
(1:300) and goat anti-rabbit Cy5 antibody (1:300) at room temperature in the dark. 470
After 1h, the slide was sequentially washed by dipping in TSM wash buffer (2 min, 471 containing 0.05 % Tween 20), TSM buffer (2 min) and, water (2 x 2 min), spun dry. 472
The slides were scanned using a GenePix 4000B microarray scanner (Molecular 473
Devices) at the appropriate excitation wavelength with a resolution of 5 μm. Various 474 gains and PMT values were employed in the scanning to ensure that all the signals 475
were within the linear range of the scanner's detector and there was no saturation of 476 signals. The image was analyzed using GenePix Pro 7 software (version 7.2.29.2, 477
Molecular Devices). 478 479
The data was analyzed with our home written Excel macro to provide the results. 480
The highest and the lowest value of the total fluorescence intensity of the six 481 replicates spots were removed, and the four values in the middle were used to 482 provide the mean value and standard deviation. Information Figure S11 . Detailed information of each fraction is listed in Table S1 . 762 binding response by microarray analysis at 1 μg/mL, represented by bubble size. A 766 strong correlation between HILIC retention time and FGF2 binding is apparent, 767
indicating that FGF2 is binding ligands that are more highly sulfated. No correlation 768 between IPRP retention time and FGF2 binding is apparent. 769
